Bd — > <j)Ks CP asymmetries as an important probe of supersymmetry 
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The decay Bd — > (j>Ks is a special probe of physics beyond the Standard Model (SM), since it has 
no SM tree level contribution. Motivated by recent data suggesting a deviation from the SM for 
its time-dependent CP asymmetry, we examine supersymmetric explanations. Chirality preserving 
contributions are generically small, unless gluino is relatively light. Higgs contributions are also too 
small to explain a large asymmetry. Chirality flipping LR and RL gluino contributions actually can 
provide sizable effects without conflict with all related results. We discuss how various insertions 
can be distinguished, and argue the needed sizes of mass insertions are reasonable. 
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B — > <f)K is a powerful testing ground for new physics. 
Because it is loop suppressed in the standard model 
(SM) , this decay is very sensitive to possible new physics 
contributions to b — > sss, a feature not shared by other 
charmless B decays. Within the SM, it is dominated 
by the QCD penguin diagrams with a top quark in 
the loop. Therefore the time dependent CP asymme- 
tries are essentially the same as those in B — > J/tfjKs- 
sin2/V s - sm2(3j fi , Ks +0(X 2 ) Q. 

Recently both BaBar and Belle reported the branching 
ratio and CP asymmetries in the Bd — > 4>Ks decay: 



T(lf hys (t) -> 4>K S ) - T(B° phys (t) -> d>K s ) 
T{L? hys {t) - <f>K s ) + T(B° phys (t) - 4>K S ) 
-C^k cos(Am B t) + S , 0xsin(Am B t), (1) 



where C^k and S^k are given by 
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with 



X<i,K - E A(B° -> <j)K s ) ' {6) 



and the angle 6d represents any new physics contributions 
to the Bd — Bd mixing angle. They find sin 2f3 t j,K = 
S^k = -0.39 ± 0.41 [3 |3, which is a 2.7 a deviation 
from the SM prediction: sm2/3j/^ Ks = 0.734 ± 0.054 
0. On the other hand, the measured branching ratio 
~ (8 - 9) X 10~ 6 is not far from the SM prediction. The 
direct CP asymmetry in Bd — ► 4>Ks is also reported by 
the Belle collaboration: C^Ks = 0-56 ± 0.43. 

In this paper, we wish to explain the deviation of 
sin2/3^if s from sin2/3j/^#- s within general SUSY mod- 
els with R— parity conservation. (See Refs. [|| for re- 
lated works.) There are basically two interesting classes 
of modifications: (i) gluino- mediated b — ► sqq with 
q = u,d, s, c, b induced by flavor mixings in the down- 
squark sector, and (ii) Higgs mediated b — *■ sss in the 
large tan/3 limit (oc tan 3 (3 at the amplitude level). In 
the following, we analyze the effects of these two mecha- 
nisms on the branching ratio of Bd — > 4>Ks, S^k, C$k-> 
B — > X s j and its direct CP asymmetry, B® — B® mixing, 
and the correlation of the Higgs mediated b — > sss transi- 
tion with B s We will deduce that LL and RR 
insertions give effects too small to cause an observable de- 
viation between S$k and Sj/^k, unless the gluino and 
squarks have masses close to the current lower bounds. 
Once the existing CDF limit on B s — > is imposed 
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on the Higgs mediated b — > sss, that also provides too 
small an effect. On the other hand, the down-sector LR 
and RL insertions can provide a sizable deviation in a 
robust way consistent with all other data. 

In the general MSSM, the squark and the quark mass 
matrices are not diagonalized simultaneously. There will 
be gluino mediated FCNC of strong interaction strength, 
which may even exceed existing limits. It is customary 
to rotate the effects so they occur in squark propagators 
rather than in couplings, and to parametrize them in 
terms of dimcnsionlcss parameters. We work in the usual 
mass insertion approximation (MIA) Q , where the flavor 
mixing j : ^ i in the down type squarks associated with 
qs and q A is parametrized by (5 AB )ij. More explicitly, 

(St L h = (y?M* Q V*) ij /m 2 , etc. 

in the super CKM basis where the quark mass matri- 
ces are diagonalized by Vj* and V£, and the squark mass 
matrices are rotated in the same way. Here Mq, Mf, 
and Mf jR are squark mass matrices, and m is the aver- 
age squark mass. Because we are considering b — > sss 
transitions, we have = (2,3). 

Since the decay Bd — > (f>Ks is dominated by SM QCD 
penguin operators, the gluino-mediated QCD penguins 
may be significant if the gluinos and squarks are not 
too heavy. For LL and RR mass insertions, the gluino- 
mcdiatcd diagrams can contribute to a number of op- 
erators already present in the SM, such as those with 
LH flavor-changing currents (0 3j . .. j6 ) and the magnetic 
and chromomagnctic operators (Oy 7 , 0% g ). On the other 
hand LR and RL insertions do not generate 03,. ..,6- (All 
operators are explicitly defined in 0.) But RR and 
RL insertions also generate operators with RH flavor- 
changing currents and so we must consider the opera- 
tors 03,... ,6, 0-j 1 and Og g which are derived from the 
untilded operators by the exchange L <-> R. In the SM, 
the 03,.. .,6 operators are absent and the O-j-y^g operators 
are suppressed by light quark masses, m s . But in SUSY, 
07 7) 8g m particular can be enhanced by rh/m s with re- 
spect to the SM, making them important phenomcnolog- 
ically. Of course, these gluino induced FCNC could also 
affect B — > J/ipKs in principle. But this gold-plated 
mode for sin 2/3 is dominated by a tree level diagram in 
the SM, and the SUSY loop corrections are negligible. 

We calculate the Wilson coefficients corresponding to 
each of these operators at the scale fx ~ m ~ to^; ex- 
plicit expressions are in Ref. We evolve the Wilson 
coefficients to fx ~ nif, using the appropriate renormal- 
ization group (RG) equations [T^j, an d calculate the am- 
plitude for B — > <fiK using the recent BBNS approach Q 
for estimating the hadronic matrix elements. 

The explicit expressions for T(B — > <j)Ks) can be found 
in Refs. Hill- In the numerical analysis presented here, 
we fix the SUSY parameters to be m g = rh = 400 GeV. 
In each of the mass insertion scenarios to be discussed, 



we vary the mass insertions over the range 1 5 AB < 1 to 
fully map the parameter space. We then impose two im- 
portant experimental constraints. First, we demand that 
the predicted branching ratio for inclusive B — » X s "f fall 
within the range 2.0 x 10~ 4 < B(B -> X s j) < 4.5 x 10~ 4 , 
which is rather generous in order to allow for various 
theoretical uncertainties. Second, we impose the current 
lower limit on AM, > 14.9 ps _1 . 

A new CP- violating phase in (5 AB )23 will also gen- 
erate CP violation in B — > X s -f. The current data 
on the direct CP asymmetry A^ S7 from CLEO is fill 
A^p S7 = (-0.079 ± 0.108 ± 0.022)(1.0 ± 0.030), which is 
not particularly constraining. Within the SM, the pre- 
dicted CP asymmetry is less than ~ 0.5%, so a larger 
asymmetry would be a clear indication of new physics 
|l2j . Remarkably, despite the well-known importance 
of B — > X s j for constraining (S AB )23, we will find in 
the following that the B — > <j>K branching ratio provides 
an independent constraint on the LR and RL insertions 
which is already as strong as that derived from B — ► X s j. 
Where relevant, we will show our predictions for ^4^ S7 . 

We begin by considering the case of a single LL mass 
insertion: (<S^ L ) 2 3. Our results will hold equally well for 
a single RR insertion. Though the LL insertion gener- 
ates all of the operators 03,. ...6, 77, & g , qualitatively there 
are substantial cancellations between their SUSY con- 
tributions and so the effect of the LL insertion is sig- 
nificantly diluted. Scanning over the parameter space 
as discussed previously, we find that S^k > 0.5 for 
rn g = to = 400 GeV and for any value of 1(^^)23! < F 
the lowest values being achieved only for very large AM S . 
If we lower the gluino mass down to 250 GeV, S$k can 
shift down to ~ 0.05, but only in a small corner of param- 
eter space. Similar results hold for a single RR insertion. 
Thus we conclude that the effects of the LL and RR in- 
sertions 011 B — ► X s j and B — > tpK are not sufficient 
to generate a (large) negative S^k, unless gluino and 
squarks are relatively light. Nonetheless, their effects on 
B s — B s mixing could still be large and observable, pro- 
viding a clear signature for LL and RR mass insertions 
(see Ref. for details). 

Next we consider the case of a single LR insertion. 
Scanning over the parameter space and imposing the con- 
straints from B — > A s 7 and AM S , we find 1(^^)23! i5 
10 -2 . This is, however, large enough to significantly af- 
fect B — > <t>K s , both its branching ratio and CP asymme- 
tries, through the contribution to Cs g - In Fig. 1(a), we 
show the correlation between S$k an d C^k ■ Since the 
LR insertion can have a large effect on the CP-averaged 
branching ratio for B — > <f>K we further impose that 
B(B —> <j)K) < 1.6 x 10~ 5 (which is twice the experi- 
mental value) in order to include theoretical uncertain- 
ties in the BBNS approach related to hadronic physics. 
Surprisingly, we see that the B — > (f>K branching ratio 
constrains {5 LB )2d, just as much as B — > X s -f. 

Studying Fig. 1, we can learn much about the viability 
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FIG. 1: The allowed region in the plane of (a) S$k and C^k, 
and (b) S^k and A^ B "' , for the case of a single LR inser- 
tion, with nig — rh = 400 GeV. The dotted boxes show the 
current la experimental bounds, and the light (cyan) regions 
correspoind to B(B d -> <f>K°) > 1.6 x 10~ 5 . 



and testability of scenarios with a single LR insertion. 
For one thing, we can get negative Sqk, but only if C^k 
is also negative (this is excluded by the present data, 
but only at the lAa level). Conversely, a positive C^k 
implies that S$k > 0.6. This correlation between Sqk 
and C$k can be tested at B factories in the near future 
given better statistics. The correlation between S^k and 
the direct CP asymmetry in B — > X a j (= A^, 31 ) is 
shown in Fig. 1(b). We find A b ^ S7 becomes positive for a 

negative S^k, while a negative ^4c~p S7 i m P ne s that S^k > 
0.6. It is also clear from the figure that the present CLEO 
bound on A^,p S7 does not significantly constrain the LR 
model. Finally, we also find that the deviation of B s — B s 
mixing from the SM prediction is small after imposing the 
Bd — > X a j and Bd — > 4>Ks branching ratio constraints. 
Thus we conclude that a single LR insertion can describe 
the data on S^k but only if the measurement of C^k 
shifts to negative values. This scenario can then be tested 
by measuring a positive direct CP asymmetry in B — > 
X s "f and Bd-Bd mixing consistent with the SM. 

The last single mass insertion case is that of RL. We 
find that the RL operator most conveniently describes 
the current data. For example, in Figs. 2(a) and (b), 
we show the correlation of S$k with B(B — > <pK) and 
C^k, respectively, in the RL dominance scenario. We 
find that S&k can take almost any value between — 1 and 
+1 without conflict with the observed branching ratio for 
B — > <j)K. We also find that C^k can be positive for a 
negative S^k, unlike in the LR case. In particular, if we 
impose the B(Bd — > <j)K°) constraint, then \C$k\ > 0.2 
for Sqk < 0, except in very small regions of parameter 
space. This could be a useful check on the presence of the 
RL operator. But the RL operator leaves SM predictions 
intact in two important observables. First, within the 
range of allowed (Sf iL )23, the B s -B s mixing receives only 
very small contributions from SUSY. Second, because the 
RL insertion generates the O^,.. .,6,77,83 operators while 
the SM generates only the untilded operators, there is 
no interference between the phases of the SUSY and SM 
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FIG. 2: For the case of a single RL insertion, we show the 
correlation between (a) S$k and B(B — > <f>K), and (b) be- 
tween S^k and C^k- Current lcr limits are shown by the 
dotted boxes, while the light (cyan) regions correspond to 
B(B d -> <f)K°) > 1.6 x 10" 5 . 

contributions, and so A^ S7 = 0. 

The process B — > X s j actually has a rather unconven- 
tional but well-motivated structure in the RL scenario. 
In Ref. it was found that one can have a strong 

cancellation between the SM and SUSY contributions to 
CV 7 and Cs g , as is expected in the supersymmetric limit. 
Then the observed branching ratio is due to the CV 7 op- 
erator, which implied an RL insertion of about the same 
size as that needed here. Thus this earlier analysis moti- 
vates the RL insertion for the present case. 

We have considered separate insertions so the effects of 
each can be seen clearly. In many realistic SUSY models, 
combinations of various insertions will play a role phe- 
nomenologically, and of course we do not mean to imply 
that only single insertions should occur in nature. A par- 
ticularly interesting case is one in which the RL and RR 
operators co-exist. While we do not study this model 
in detail here, we note that (as discussed in Ref. 01) if 
both (8r R )23 and (6^)23 are nonzero, then A^ S7 can 
arise as an interference between CV 7 and Cs g - Then the 
RR insertion could shift AM S appreciably, while the RL 
insertion gives the above result. 

Finally we consider a completely different class of con- 
tributions to b — > sss. At large tan (3, FCNC's can also 
be mediated by exchanges of neutral Hig gs b osons, as 
found in B — ► A s ^ + /i~ [14J, B s ,d — > lUSi T ~ * 3/i, 

etc. 0. Likewise, b — > sss could be enhanced by 
neutral Higgs exchange, which is flavor dependent since 
the Higgs coupling is proportional to the Yukawa cou- 
plings. The effective coupling for b — > sss is basically 
the same with that for B s — > // + /i~ up to a small dif- 
ference between the muon and the strange quark masses 
(or their Yukawa couplings). Imposing the upper limit 
on this decay from CDF |l7| during the Tevatron's Run 
I, B(B S — * fj, + fj,~) < 2.6 x 10~ 6 , we can derive a model- 
independent upper limit on this effective coupling. We 
find that S^k s cannot be smaller than 0.71 for such cou- 
plings, so that we cannot explain the large deviation in 
S(/>k s with Higgs-mediated b — > sss alone. 
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Now let us provide possible motivation for values of of B s — B s mixing. Finally, we also point out that the 



($lr rl)z3 ~ 10~ 2 that we find phcnomcnologically are 
needed in order to generate S^k- ln particular, at large 
tan/3 it is possible to have double mass insertions which 
give sizable contributions to (Si RRL ). First a (5f L )23 
or (5j iR )23 ~ 10~ 2 is generated. The former can be ob- 
tained from rcnormalization group running even if its ini- 
tial value is negligible at the high scale. The latter may 
be implicit in SUSY GUT models with large mixing in the 
neutrino sector [(| . Alternatively, in models in which the 
SUSY flavor problem is resolved by an alignment mech- 
anism using spontaneously broken flavor symmetries, or 
by decoupling, the resulting LL or RR mixings in the 
23 sector could easily be of order A 2 0, ^| . However 
as discussed above, this size of the LL and/or RR in- 
sertions cannot explain the measured CP asymmetry in 
Ltd — ► 4>Ks- But at large tan/3, the LL and RR inser- 
tions can induce the RL and LR insertions needed for 
S<f,K through a double mass insertion |2(jj : 



{^LL,Rr)^3 X 



mb(Ab — /xtan/3) 



t n — 







ne can achieve (S'l R rl)23 ~ 10 if /Lttan/3 ~ 
10 4 GeV, which could be natural if tan/? is large (for 
which At becomes irrelevant). Note that in this sce- 
nario both the LL(RR) and LR(RL) insertions would 
have the same CP violating phase, since the phase of \x 
here is constrained by electron and down-quark electric 
dipolc moments. Lastly, one can also construct string- 
motivated D-brane scenarios in which LR or RL inser- 
tions are ~ 10 -2 

In this letter, we considered several classes of po- 
tentially important SUSY contributions to B — * <pKs 
in order to see if a significant deviation in its time- 
dependent CP asymmetry S<pK s could arise from SUSY 
effects. The Higgs-mediated FCNC effects and mod- 
els based on the gluino-mcdiated LL and RR insertions 
both give contributions too small to alter S^k signifi- 
cantly. On the other hand, the gluino-mediated contri- 
bution with LR and/or RL insertions can lead to sizable 
negative in S^k s ( as reported experimentally) as long as 
\( S lrrl)™\ ~ 10_3 _ 10 ~ 2 - As a byproduct, we found 
that nonleptonic B decays such as B — > (j>K begin to con- 
strain \(Sf iR .al)23 as strongly as B — > X s j. Besides pro- 
ducing no measurable deviation in B°-B° mixing, the RL 
and LR operators generate definite correlations among 
Sqk, C^k and A^ S7 , and our explanation for the neg- 
ative S^k can be easily tested by measuring these other 
observables. In particular C^k can be positive only for 
an RL insertion. A pure RL scenario also predicts a 
vanishing direct CP asymmetry in B — > X s "/. However, 
if the RL insertion is accompanied by an RR insertion, 
then the resulting direct CP asymmetry in B — » X s ^ can 
be large an d the RR contribution to the B s — B 3 mix- 
ing can induce significant shifts in AA/ S and the phase 



\{^lrrl)^\ ~ 10~ 2 can be naturally obtained in SUSY 
flavor models with double mass insertion at large tan/3, 
and in string- motivated models 0|. 
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